Using Suzaku data, we had found a 3.4σ evidence for the warm-hot circumgalactic medium (CGM) in the L galaxy NGC 3221. Here we present XMM-Newton data and outline an efficient, rigorous and well-defined method to extract the faint CGM signal. We confirm the CGM detection at > 4σ significance within 30-200 kpc of the galaxy. We claim with 99.62% confidence that the CGM is extended beyond 150 kpc. The average temperature of the CGM is 2.0 +0.2 −0.3 × 10 6 K, but it is not isothermal. We find suggestive evidence for a declining temperature gradient out to 125 kpc and for super-virial temperature within 100 kpc. While a super-virial temperature component has been detected in the Milky Way CGM, this is the first time a temperature gradient has been observed in the warm-hot CGM of any spiral galaxy. The emission measure profile is well-fit with either a β− model or a constant density profile. Deeper data are required to constrain the temperature and density profiles. We also confirm the Suzaku result that the warm-hot CGM is the most massive baryon component of NGC 3221.
INTRODUCTION
It has been known from observations that the stellar and ISM (interstellar medium) components of nearby spiral galaxies account for a small fraction of their total baryons (Tumlinson et al. 2017 ), compared to the amount expected from the universal baryon fraction of Ω b /Ω m = 0.157 ± 0.001 (Planck Collaboration et al. 2016) . A possible solution to this "missing baryons" problem lies in the highly ionized warm-hot circumgalactic medium (CGM) extended out to the virial radius of a galaxy, as has been predicted by theoretical models (White & Rees 1978; Ford et al. 2014; Oppenheimer et al. 2016; Suresh et al. 2017 ). This warm-hot (T= 10 6 -10 7 K) phase can be probed by highly ionized metals (e.g. O vii and O viii), the dominant transitions of which lying in the soft X-ray band.
The X-ray emission from the CGM around spiral galaxies is extremely faint, which makes their detec-tion challenging. The warm-hot CGM around the Milky Way has been detected in both emission and absorption, and it may account for the missing mass (Gupta et al. 2012 (Gupta et al. , 2014 Nicastro et al. 2016b; Gupta et al. 2017; Das et al. 2019a,c) . For external galaxies, however, observations become much harder. The extended CGM in X-ray emission has been securely detected only around massive galaxies (M > 2 × 10 11 M ), and only out to a fraction of their virial radii, with mass insufficient to close their baryonic budget (Anderson & Bregman 2011; Dai et al. 2012; Bogdán et al. 2013b,a; Anderson et al. 2016; Bogdán et al. 2017; Li et al. 2017 Li et al. , 2018 .
X-ray emission from the CGM of Milky Way-type L* galaxies would be even fainter, and harder to detect. Indeed, no CGM emission is detected around any such galaxy, with the exception of NGC 3221. We observed NGC 3221 with Suzaku for a total of 120 ks exposure time; the good time interval (GTI), however, was only 41 ks. Using these Suzaku data, Das et al. (2019b) found the evidence of warm-hot CGM from the region within 27-150 kpc at 3.4σ significance. The mass of the detected warm-hot CGM, the largest baryonic component of the galaxy system, could account for the missing galactic baryons. This is the first external L* galaxy with the evidence of an extended warm-hot CGM and baryon sufficiency.
In this letter, we present 37 ks of archival XMM-Newton data of NGC 3221. The exposure time of the XMM-Newton observation is comparable to the GTI of the Suzaku observation. Because of the larger field-of-view (FoV) and larger effective area of XMM-Newton compared to Suzaku, we can probe out to larger radii from the galactic center, and at higher S/N using XMM-Newton data. Tüllmann et al. (2006) have also presented the same XMM-Newton observation; their focus, however, was on the extraplanar emission within 20 kpc of NGC 3221. Our work instead is on the extended CGM from 30 to 200 kpc from the center of NGC 3221.
Our initial goal was to confirm our Suzaku detection of the CGM of NGC 3221, which we do. However, the XMM-Newton data have yielded exciting new results that we present in 3.4. We find, for the first time, suggestive evidence for a temperature gradient in the CGM.
Our letter is structured as follows: we describe the data reduction and spectral analysis in section 2, report the results, compare with our previous Suzaku analysis of the same galaxy, and discuss its implications in section 3. Finally, we summarize the letter and outline some of the future plans in section 4.
DATA REDUCTION AND ANALYSIS
Our goal is to extract and analyze the diffuse X-ray emission spectrum from the circumgalactic region of NGC 3221, observed with XMM-Newton EPIC-pn.
Data reduction
We reduce the 36.9 ks archival data (ObsID: 0202730101) using XMM-Extended Source Analysis Software (ESAS) 1 . We follow the standard procedure of filtering, point source identification and removal, spectra and detector background extraction using default conditions except the ones explicitly mentioned below. In the point source detection routine cheese, we tune the following parameters. 1) The PSF threshold parameter scale is changed to 0.15 from 0.25; this allows us to remove a larger fraction of the point source flux. 2) Minimum separation for point sources dist is changed to 10 from 40 . This allows us to detect close-by sources. The Epic-pn PSF is 12.5 (FWHM), thus we ensure that all the resolved sources are counted. 3) The point-source flux threshold rate is changed to 0.01 from 1.0 (in the unit of 10 −14 ergs cm −2 s −1 ). This ensures that we identify and remove fainter sources. Additionally, we 1 ftp://xmm.esac.esa.int/pub/xmm-esas/xmm-esas.pdf remove a circular region of 1.73 = 30 kpc radius around NGC 3221 ( Figure 1) , larger than the semi-major axis of the stellar disk in NIR: 1.6 (Lehmer et al. 2010) . The data are carefully checked after source removal to make sure that any visibly identifiable source is not present. The effective exposure time after filtering is 24.7 ks.
We consider the region beyond 200 kpc from NGC 3221 as blank sky; by definition this assumes that there is no detectable CGM emission beyond 200 kpc of the galaxy (Figure 1 ). As noted above, the CGM emission is faint, therefore difficult to detect. For this reason, we have designed a novel approach to determine the overall detection significance and the spatial extent of the CGM. With this rigorous method, we could determine the temperature and the surface brightness profiles, even from shallow data. We extract the "onsource" spectra from three sets of annuli: 1)Seclusive: annuli with outer radius (R max ) at 200 kpc, and inner radii (R min ) at 50, 75, 100, 125 and 150 kpc. To keep the solid angle and the collecting area as large as possible, R max is set at the largest value. If the CGM emission is detected beyond a given R min in an annulus, it assesses the confidence of the hypothesis that the CGM signal is present beyond that R min . 2)Cumulative: annuli with R min at 30 kpc and R max at 100, 125, 150, 175 and 200 kpc. As the CGM is more likely to be detected closer to the disk than at large radii, R min is set at the smallest value possible. Larger R max would imply larger volume, and if the CGM emission signal is present, more photons from the CGM. If the detection significance gets saturated (or decreases) beyond a given R max , it provides another measure of the spatial extent of the CGM. The annulus with the maximum detection significance would provide the overall detection significance. 3)Differential: annuli of width 20-25 kpc and 45-50 kpc from the region 30-200 kpc (see Table 1 ). This provides us the radial profiles of temperature and surface brightness. Each spectrum is binned using ftool grppha such that minimum count in each bin is 50, which gives a moderate S/N.
Analysis
The blank sky spectrum contains both the foreground and background components. We obtain the best fitted spectral model for the blank sky, and use that as the initial estimates of the "X-ray background" (XRB) while analyzing the "on-source" spectra. All spectral analyses have been performed in XSPEC.
We model the blank sky spectrum as a combination of 4 components: 1) Instrumental Al Kα line and soft pro- ton background (SPB), 2) Local Hot Bubble (LHB), 3) Cosmic X-ray background (CXB) and 4) Galactic Halo, i.e., the warm-hot Halo of the Milky Way (MWH). This is similar to the model A of Das et al. (2019a) . Note that this X-ray "background" is made of both foreground and background. As we are interested in any excess emission from the "on-source" spectrum compared to the blank sky, the details of the XRB model should not matter as long as the same model is used for both the blank sky and the "on-source" spectrum (see appendix A of Das et al. (2019a) for details of the spectral model).
The "on-source" spectrum consists of five components. The first four components are the same as those of the blank sky spectrum. The fifth component is the CGM emission of NGC 3221; we model it as a colliosionally ionized plasma in thermal equilibrium (apec in XSPEC) at the redshift of NGC 3221, absorbed by the Galactic ISM. The free parameters of the model are the temperature and metallicity-weighted normalization factor (see §3.2 of Das et al. (2019b) for details). We fit each "on-source" spectrum simultaneously with the blank sky. The intensity of the Al Kα line can change at different parts of the detector plane, so we do not tie its amplitude in the "on-source" and the blank sky spectra. We assume that the components of XRB (LHB, CXB, MWH, SPB) of the "on-source" spectrum are quantitatively the same as those of the blank sky, with the normalization parameters scaled according to the ratio of projected areas of the "on-source" and the "blank sky" regions. As all spectra are extracted from the same observation and the same field, any spatial or temporal variations of the XRB are highly unlikely, thus validating our assumption.
As the purpose of fitting the seclusive and the cumulative annuli is to detect the signal from the CGM, we take an agnostic approach while modeling their XRB. For each annulus, we allow the XRB to vary, but tie it between the "on-source" and the "blank sky". Once the presence of the signal is confirmed, the XRB parameters obtained by fitting the largest annulus (30-200 kpc) are considered as the best estimate. We freeze the XRB parameters at these values while fitting the differential annuli. The best-fit spectrum in the 30-200 kpc region is shown in Figure 2 .
We quantitatively measure the importance of the detection of the CGM emission from NGC 3221 in two different ways, by measuring the "confidence" and the "significance". If excess emission from the "on-source" spectrum is required in the spectral model, we call it "confidence". The confidence is measured by performing the F-test (XSPEC command ftest). The difference in the (χ 2 , dof ) of the best-fitted models with/without the CGM component provides the F-statistic value and the null hypothesis probability P null . The confidence of the presence of the CGM, as we discuss in the following section, is (1-P null )×100%. The "significance", on the other hand, refers to the statistical significance of a measured parameter. We calculate the statistical uncertainties of the temperature and the normalization of the CGM component using the XSPEC command err and steppar (when χ 2 is not monotonic). We define the detection significance as the ratio of the best-fitted value of the normalization parameter and its 1σ error in the lower end. For each measured parameter, we quote the best-fitted value ± statistical uncertainty ± systematic uncertainty (where applicable). Unless explicitly mentioned otherwise, we quote uncertainties as 1σ error bars, and ranges as 68% confidence intervals. For the seclusive annuli, the relevant parameter is "confidence", and for the cumulative annuli, the relevant parameter is "significance", as noted in Table 1 . The seclusive and cumulative annuli are used to detect the signal and confirm its presence. The physical insights come from the differential annuli. R min gets smaller, indicating the presence of the signal throughout the volume.
Once the presence of the signal is confirmed, we determine the detection significance from the cumulative annuli. The significance continues to increase out to 200 kpc (Table 1 , second segment), indicating that the CGM is likely extended out to 200 kpc. We detect a 4σ signal from the 30-200 kpc region (Figure 2) . This confirms the detection by Das et al. (2019b) , but now with a higher significance. As the temperature and the normalization are strongly correlated in our fits, we calculate the marginal detection significance by freezing the temperature at its best-fit value. This escalates the detection significance to 4.4σ from 30-175 kpc, and a 4.1σ signal from 30-200 kpc (Table 1 ). This indicates that the CGM may be extended to 175 kpc instead of 200 kpc. However, given the small photon count, we do not finetune the spatial extent of the CGM of NGC 3221; it is clearly extended beyond 150 kpc.
Confirmation as the CGM signal
The statistical detection of the signal does not physically confirm it as the CGM of NGC 3221, because the CCDs of EPIC-pn cannot really distinguish between the redshift 0 and the redshift of NGC 3221. However, we extract the background (XRB) from the same field as the signal. The angular separation between the inner annulus and the background region corresponds to a maximum physical length of 1 kpc for any source within the MWH. Therefore, if the detected signal is from any Galactic source, it has to have a size <1 kpc, which is very unlikely for the diffuse medium. The emission integral (EI = n 2 dV = 4π10 14 D 2 × norm; where D is the comoving distance to the target) can be used to distinguish between the CGM of NGC 3221 and any other source of confusion. A local diffuse source would have uniform surface brightness over the field. In that case, EI will be proportional to the projected area: n 2 dV = ( n 2 dl) × A. For any extragalactic source unrelated to NGC 3221, the density will be independent of the projected distance from NGC 3221. EI will be proportional to the projected volume in this case: n 2 dV = n 2 × V . We find that the EI measurements do not agree with either of these scenarios ( Figure 3) . A simple power-law density profile: n = n o r ro −α with α = 0.3 ± 0.1 is consistent with the data. The exact shape of the density profile is not relevant here, nor do we argue that the shape is a powerlaw. A declining density profile from the galaxy center shows that the diffuse medium is spatially correlated with NGC 3221, thus physically confirming the signal to come from the CGM of NGC 3221.
Comparison with earlier analysis
Excited by the confirmed significant detection of the CGM of NGC 3221, we now perform the spectral analysis in differential annuli. First, we compare our results with those from Suzaku (Das et al. 2019b ). In Figure 4 , we have plotted temperature (top panel) and EM (second and third panels) as a function of the impact parameter, together with the measurements in Das et al. (2019b) . We derive the emission measure (EM) from the normalization parameter of the CGM spectrum (EM = n 2 dl = 4π Ω × 10 14 × norm; where Ω is the solid angle projected by the annulus).
The emission measure values from XMM-Newton beyond 100 kpc are consistent with the measurement from Suzaku within error, including the upper limit. However, the EM within 100 kpc from XMM-Newton and Suzaku differ by almost an order of magnitude. As the CGM emission signal depends sensitively on the XRB, the difference in the values of EM is likely due to the difference in the XRB. Das et al. (2019b) had used two off-fields ∼2 • away from the galaxy-field to estimate the XRB. Modelling the XRB from the same FoV, as we do here, is more accurate, as it would minimize spatial variation in the XRB (most likely arising from the MWH component). To test whether the differences in EM are indeed due to differences in XRB, we re-fit the Suzaku data with the parameters of LHB and MWH frozen at their best-fitted values obtained from the XMM-Newton data. We also froze the temperature of the CGM of NGC 3221 to the best-fit XMM-Newton values and re-derived the emission measures (labeled as 'Suzaku (redo)' in the second panel of Figure 4 ). The Suzaku EM values are now closer to our measurements from XMM-Newton, and consistent within error. This shows that the same spectral model can fit both the XMM-Newton and Suzaku data; this confirms that the major difference in EM in this work and Das et al. (2019b) is due to the different XRBs.
The temperature obtained from XMM-Newton and Suzaku are also significantly different within 100kpc (Figure 4, top panel) . In our spectral modeling, temperature and emission measure are anticorrelated at a given metallicity. It is therefore possible that that the temperature difference contributes to the differences in EM between XMM-Newton and Suzaku data. To test this, we refit the XMM-Newton data by freezing the temperature of the CGM of NGC 3221 at its best-fitted value obtained from Suzaku. The emission measures (labeled as 'XMM T' in the third panel of Figure 4 ) are now consistent with those obtained by Das et al. (2019b) . This shows that the difference between the EM values in this work and Das et al. (2019b) can be explained by the difference in the XRB and the temperature of the CGM.
While the revised EM values from Suzaku are consistent with those from XMM-Newton within error, there are still residual differences, with the best-fit EM values systematically larger in Suzaku. This is likely due to following two factors: 1) Temporal variation in the foreground. The observed EM differences are possible if the XRB during the XMM-Newton observation was smaller than that during the Suzaku observation. Indeed, the XMM-Newton observation were taken when the solar activity and the flux from solar wind charge eXchange (SWCX) were low, while the Suzaku data were taken during high solar activity (Sekiya et al. 2014) . The foreground during the Suzaku observation must therefore be higher. 2) SPB variation over the the detector plane. We have assumed that the SPB is uniform over the detector plane, but the ESAS manual suggests that SPB may increase toward the edge of the detector. Assumption of a uniform SPB obtained by modeling the blank sky would overestimate the total XRB and underestimate the CGM of NGC 3221 at small radii toward the center of the detector plane.
The average temperature derived from the XMM-Newton data is shown by the blue line in the top panel of Figure 4 , and that from the Suzaku data is shown by the orange line. The two differ by 2σ, again because of the differences in the XRB. However, both are consistent with the virial temperature, modulo the huge uncertainty in the latter (green line in the top panel of Figure 4 ).
Thus the differences in the measured quantities from XMM-Newton and Suzaku data can be completely understood by a combination of spatial and temporal differences in the X-ray background (XRB). As the CGM signal accounts for only 0.1% of the total data, it is very sensitive to the shape and the amplitude of the XRB.
Temperature and Emission Measure Profiles
In the top panel of Figure 4 , we have also plotted temperatures derived from large annuli (shown in blue triangles); these are within 1σ of the volume averaged temperature. However, the temperatures obtained from smaller annuli (shown in blue squares) are inconsistent with a constant value. We find a clear trend of temperature decreasing by half a dex from 30 to 125 kpc, and slowly increasing by a factor of ∼2 from 125 to 200 kpc. Thus the warm-hot CGM of NGC 3221 is approximately isothermal over the entire volume, but is not isothermal in finer details. The average temperature is consistent with the virial temperature of NGC 3221, but the temperature within 100 kpc is indicative of a super-virial temperature. Therefore, while the CGM on average is in thermal and hydrostatic equilibrium, the inner halo might deviate from that. This is an exciting new discovery from the XMM-Newton data. Such a super-virial temperature has been observed in the CGM of Milky Way both in emission and absorption (Nakashima et al. 2018; Das et al. 2019c,a) , but this is the first time we are observing it in the CGM of any external spiral galaxy. This is also the first time a temperature gradient has been observed in the CGM of any spiral galaxy. Such a gradient and deviation from virial conditions have been predicted in semi-analytic and numerical models (Maller & Bullock 2004; Pezzulli et al. 2017 ), but never observed before. Given the large errors in temperature and the wide spatial bins, we do not attempt to fit a profile to the temperature gradient; much higher quality data is required for that. In Das et al. (2019b) on Suzaku data, the analysis was done only with cumulative annuli, and no such trend in temperature could be detected. Any temperature variation is washed out in large annuli in both XMM-Newton and Suzaku data.
For emission measure, we consider only those values which are well-constrained; here we see a clear trend with impact parameter even in large spatial bins (Figure 5 ), although they are consistent with the volume average of the EM within 1σ. Once again, to check for the consistency with the Suzaku data, we fit the emission measure profile with two models: (Das et al. 2019b , see their §4.3). A) A truncated constant-density model: The best-fitted values are -density n o = 6.7±1.2×10 −5 cm −3 , spatial extent R out = 194±42 kpc ( Figure 5 , labeled as n = n o ). This value of R out is consistent with R out = 175 ± 2 in Das et al. (2019b) and is of the order of the virial radius R vir = 245 +51 −77 kpc (Hyperleda catalog, Makarov et al. 2014) . Note that the constant density profile is consistent with the power-law profile of index α = 0.3 ± 0.1 ( §3.2) within 3σ. B) A β model (Sarazin 1986) :
We fit the model by freezing β at 0.5 (Allowing β to vary did not produce any significant change in Das et al. (2019b) , so we do not try that here). The bestfitted values are -central emission measure EM o = 2.0±0.4×10 −6 cm −6 kpc, core radius r c = 155±46 kpc ( Figure 5 , labeled as β model). The core radius is consistent with that obtained by Das et al. (2019b) . Also, r c is consistent with R out within uncertainties. That implies the density is practically flat out to a large radius, consistent with the constant density (or a power-law profile with small index). Thus we can fit the observed EM profile with either a β-model, or constant density model, but we cannot determine which model better represents the data. Deeper data would allow us to obtain both the temperature and the EM at finer spatial resolution and with higher precision, thus enabling us to prefer one model over the other.
The mass of the constant density model at solar metallicity is M = 5.7 +6.5 −3.5 × 10 10 Z Z −0.5 M . At solar metallicity, the central electron density of the β-model is n e ≈ 10 −4 cm −3 and the mass is M = 5.3 +1.0 −1.2 × 10 10 Z Z −0.5 M . The masses from two models are similar, showing that the mass measurement is convergent.
At 1 3 Z metallicity (the median metallicity of cool CGM at low redshift, Prochaska et al. 2017) , the mass escalates to M = 10 ± 2 × 10 10 M . This is comparable with the stellar mass of NGC 3221 : 10.0±1.3 ×10 10 M (Lehmer et al. 2010 ).
SUMMARY, CONCLUSION AND FUTURE DIRECTIONS
In this letter, we have outlined an efficient, rigorous and well-defined method to extract the faint signal from the CGM of a galaxy using the archival XMM-Newton data of NGC 3221. Following this method, we 1) determine the confidence-based spatial extent of the emission signal and the overall detection significance, 2) physically confirm the signal as coming from the CGM, and 3) obtain the temperature and the surface brightness profiles, even from shallow data. Below, we summarize our science findings:
• We have detected the warm-hot CGM of NGC 3221 from the 30-200 kpc region at > 4σ significance. This confirms the 3.4σ detection of the same signal by Das et al. (2019b) using Suzaku data.
• The signal is detected with > 99.6% confidence beyond 150 kpc. This implies that the CGM is truly extended to a significant fraction of the virial radius of NGC 3221.
• There is a clear temperature gradient out to 100-125 kpc, showing that the entire CGM is not isothermal. This is an exciting new result from this study. Additionally, we find that the temperature in the inner halo is super-virial.
• The EM profile is not well-constrained, but is consistent with a β model or with a flat density profile.
• The warm-hot CGM is massive: 10 ± 2 × 10 10 Z 0.3Z −0.5 M . It is one of the most massive baryon components of NGC 3221.
Thus, we confirm the discovery of the massive extended warm-hot CGM around the first external L galaxy. It can account for all of its galactic baryons, modulo the huge uncertainty in the virial mass (discussed in detail in Das et al. 2019b) . Deeper data with higher S/N and finer radial bins is required to provide a well-constrained temperature and density profile, and so understand the thermal and dynamical history of the CGM.
It is essential to study the CGM of galaxies with a broad range of M , SFR and M vir to understand the key parameter governing the CGM. At present, XMM-Newton is the most suitable mission to detect the faint emission from the warm-hot CGM because of its large effective area and large FoV. On a longer timescale, upcoming missions (e.g. XRISM, Athena) in the next decade and beyond will offer an outstanding opportu-nity to observe the warm-hot diffuse medium in unprecedented detail. This will bring us closer to understanding the galaxy formation and evolution.
